Background: Comparing the effectiveness of interventions is now a requirement for regulatory approval in several countries. It also aids in clinical and public health decision-making. However, in the absence of head-to-head randomized trials (RCTs), determining the relative effectiveness of interventions is challenging. Several methodological options are now available. We aimed to determine the comparative validity of the adjusted indirect comparisons of RCTs with the mixed treatment comparison approach.
Background
Acknowledging their enormous value for health intervention decision-making, clinicians, drug manufacturers, regulatory agencies and the public are now requiring metaanalysis to identify the most effective intervention among a range of alternatives.
[1] As meta-analysis grows in popularity, investigators have endeavoured to further enhance its usefulness by proposing extensions meant to accommodate a number of challenges. One important challenge is choosing from a number of potentially competing interventions, not all of which have been subject to direct comparison in properly conducted randomized trials; herein referred to as indirect comparisons.
Until recently, meta-analysis addressed indirect comparisons using flawed methods that examined only intervention groups and ignored control event rates. [2] In the last decades, methodological advances, [3] most notably, the adjusted indirect comparison, first reported in 1997, [4] and the mixed treatment comparison, first reported in 2003, [5] have provided more sophisticated methods for quantitatively addressing indirect comparisons.
The adjusted indirect comparison, first reported by Bucher et al., [4] enables one to construct an indirect estimate of the relative effect of two interventions A and B, by using information from randomized trials comparing each of these interventions against a common comparator C (e.g., placebo or standard treatment). In this approach, direct estimates of the relative effects of A versus C and B versus C, together with appropriate measures of uncertainty, are obtained using standard pairwise meta-analysis. These estimates are then appropriately combined to produce an indirect estimate of the relative effect of A versus B. A suitable measure of uncertainty for the indirect estimate is also produced.
The multiple treatment approaches, based on developing methods by several investigators, [6, 7] most recently Lu and Ades, [8] is a generalization of standard pairwise meta-analysis for A versus B trials, to data structures that include, for example, A versus B, B versus C, and A versus C trials. This approach, which can only be applied to connected networks of randomised trials, has two important roles: (1) strengthening inference concerning the relative efficacy of two treatments, by including both direct and indirect comparisons of these treatments, and (2) facilitating simultaneous inference regarding all treatments, in order to simultaneously compare, or even rank, these treatments. [8] The adjusted indirect comparison and the mixed treatment comparison approach can be implemented through a range of methods, including frequentist, Bayesian and various subspecies of each. [9] The basic assumptions underlying the adjusted indirect comparison and mixed treatment comparison approaches are similar to but more complex than the assumptions concerning the standard meta-analysis approach. Just like standard meta-analysis, both approaches rely on the homogeneity assumption, which states that trials are sufficiently homogeneous to be quantitatively combined. In addition, both approaches require a similarity assumption -namely, that trials are similar for moderators of relative treatment effect. The mixed treatment comparison approach also requires a consistency assumption, which is needed to quantitatively combine direct and indirect evidence. [10] Both adjusted indirect comparison and mixed treatment comparison approaches to evaluating the relative impact of multiple alternative treatments have strengths and weaknesses. [11] The multiple treatment comparison uses both direct and indirect evidence. The adjusted indirect method is comparatively simple and interpretable by users, but requires that an intervention can only be compared with another intervention when they share a mutual comparator (eg. placebo). [4] The mixed treatment comparison may be less intuitive as it can permit comparisons when interventions do not share a comparator as it creates a conceptual network [12, 13] as well as borrows power from trials that were not available for use in the adjusted indirect comparison approach. [14] Meta-analysts, agencies, and readers are now attempting to gain further insight into the relative merits of the two approaches. [15] New US government initiatives to determine the comparative effectiveness of interventions require the use of indirect evidence, but do not provide guidance on what approach to use. Others, such as UK's National Institute for Clinical Excellence (NICE) provide advice on the particular use of mixed treatment comparisons and adjusted indirect comparisons. [15] To further elucidate the relative performance of the adjusted indirect comparison and mixed treatment comparison methods, we applied both approaches to different comparative studies that evaluated the effectiveness of multiple competing treatments for diverse health conditions. Our objective is to determine whether the adjusted indirect comparison approach generates results comparable to those produced by the mixed treatment comparison approach. We aim to determine if there are circumstances where one method is preferable.
Methods

Eligibility Criteria
We included systematic reviews of randomized clinical trials involving at least 4 different treatments (i.e., health interventions used for treatment or prevention of the same medical condition), as networks of three health interventions have already received considerable study. [2, 3, 16] If a treatment consisted of several doses, we considered all doses to be equivalent. We also considered no-treatment and placebo to be equivalent. Whenever present, we excluded cluster randomized trials from these systematic review along with crossover trials and trials reporting only continuous outcomes.
Search Strategy
We (EM, OE) searched independently, in duplicate, PubMed from inception to January 2008 using the following search strategy: "network AND meta-analysis," "mixed treatment AND meta-analysis," "indirect comparison," "indirect AND meta-analysis," and "mixed treatment AND meta-analysis." Our search was limited to Englishlanguage articles. We supplemented our search strategy and findings from a review of network geometry of studies [13] and from our own meta-analyses of multiple treatments (Perri D, O'Regan C, Cooper C, Nachega JB, Wu P, Tleyjeh I, Philips P, Mills EJ: Antifungal treatment for systemtic candida infectons: A mixed treatment comparison meta-analysis. Unpublished). [17] Data Abstraction We (EM, OE) abstracted independently, in duplicate, information addressing the systematic review aims, number of trials per comparison, number of individuals with each specific outcome and number of individuals randomised to each intervention.
Statistical analyses
We first plotted the geometric networks of comparisons to graphically display what indirect comparisons our analyses aimed to assess.
We conducted the mixed treatment comparisons using fixed effects models similar to those introduced by Lu and Ades. [8] Although several definitions exist, we interpret that the fixed effects approach assumes that there is a single true value underlying all the study results. That is, those studies would yield similar effects regardless of the particular population enrolled, the intervention chosen, and the strategy for measuring the outcome of interest. A fixed effect model aims to estimate the common-truth effect and the uncertainty around this estimate. [18] We considered separate models for each outcome category (i.e., mortality, response) using approximately noninformed priors. We used these models as a basis for deriving the odds ratio [OR] for each treatment comparison with 95% Credible Intervals (CrIs) -the Bayesian equivalent of a classical confidence interval.
We estimated the posterior densities for all unknown model parameters using MCMC (Markov chain Monte Carlo) simulation, as implemented in the software package WinBUGS Version 1.4. Specifically, we simulated two MCMC chains starting from different initial values of select unknown parameters. Each chain contained 20,000 burn-in iterations followed by 20,000 update iterations. We assessed convergence by visualizing the histories of the chains against the iteration number; overlapping histories, that appeared to mix with each other, provided an indication of convergence. We based our inferences on the (convergence) posterior distributions of the relevant parameters. In particular, we estimated the OR for a given treatment comparison by exponentiating the mean of the posterior distribution of the log OR, and constructed the corresponding 95% CrI by exponentiating the 2.5 th and 97.5 th percentiles of the posterior distribution of the log OR. Other parameters were estimated as means of corresponding posterior distributions.
We measured the goodness of fit of our models to the data by calculating the residual deviance. Residual deviance was defined as the difference between the deviance for the fitted model and the deviance for the saturated model, where the deviance uses the likelihood function to measure the fit of the model to the data. Under the null hypothesis that the model provides an adequate fit to the data, the residual deviance is expected to have a mean equal to the number of unconstrained data points.
For our relative effect sizes used in the adjusted indirect comparison analyses, we used the same data as for the mixed treatment comparison analyses. We conducted multiple meta-analyses of head-to-head comparisons to obtain ORs and 95% Confidence Intervals [95% CIs]. As with the mixed treatment analyses, we applied the fixed effects method. Once we obtained the summary estimates of pooled head-to-head evaluations with CIs, we applied the adjusted indirect comparison approach. [4] For each systematic review, we determined if there were important inconsistencies between the adjusted indirect comparison and mixed treatment comparison approaches by comparing the 95% CrI produced by the former approach against the 95% CI produced by the latter approach for the OR of each feasible treatment comparison. We diagnosed inconsistency by assessing departures from an a priori determined consistency rule stating that the lower and upper endpoints of the two types of intervals should not differ by more than 0.25 and 0.75, respectively, and the estimated ORs should not differ by more than 0.5. EM and IG performed all statistical analyses.
Results
We identified 44 potentially relevant systematic reviews of the effectiveness of multiple treatments for different health conditions, including two of our own reviews that were ongoing during the search period (Perri D, O'Regan C, Cooper C, Nachega JB, Wu P, Tleyjeh I, Philips P, Mills EJ: Antifungal treatment for systemtic candida infectons: A mixed treatment comparison meta-analysis. Unpublished). [17] We narrowed down the scope of our search by excluding 13 reviews that incorporated fewer than 4 treatments, 9 reviews that excluded eligible data for comparisons, 3 reviews that did not create a network of comparisons, and 12 reviews that did not provide data on individual outcomes in each study. In total, we included seven systematic reviews in our analyses (Perri D, O'Regan C, Cooper C, Nachega JB, Wu P, Tleyjeh I, Philips P, Mills EJ: Antifungal treatment for systemtic candida infectons: A mixed treatment comparison meta-analysis. Unpublished) [4, 17, [19] [20] [21] [22] with three different types of network structures: (I) star-network, having a common comparator and containing no loops (figures 1, 2, 3), (II) single-loop network (figures 4 and 5), containing only one loop, and (III) multi-loop network, containing two or more loops (figures 6 and 7). All seven reviews were published between the years 1997 to present.
Number of comparisons
The seven systematic reviews retained in our analyses included between 4 and 8 treatments. 
Nachega JB, Wu P, Tleyjeh I, Philips P, Mills EJ: Antifungal treatment for systemtic candida infectons: A mixed treatment comparison meta-analysis. Unpublished).
[21] There were no three or greater-armed trials found in any of the seven systematic reviews. 
Analysis 1. Drug-eluting stents compared to bare-metal stents on target lesion revascularization event rates[22]
We evaluated the impact of drug-eluting stents compared to bare-metal stents on the outcome of target lesion revasSingle-loop network of evidence formed by the four antibiotic and antiseptic treatments, together with information on the number of trials, number of patients and number of events per (direct) treatment comparison Figure 1 displays the network of evidence available from these trials. Table 1 shows the results of the pairwise treatment comparisons when using direct, head-to-head data (in bold), the mixed treatment approach and the adjusted indirect comparison approach. In a single instance, the mixed treatment comparison approach found a significant difference between the effects of two treatments when the adjusted indirect comparison approach did not. According to the a priori consistency rule, the estimated ORs and associated uncertainty intervals were importantly different between the two approaches for only four pairwise treatment comparisons.
Analysis 2. NSAIDS for acute pain[19]
We evaluated the effects of 7 different interventions for acute pain from 29 trials that included 58 trial arms, for a possible 21 comparisons. See Figure 2 and Table 2 . We found no important distinctions between the adjusted indirect comparison and mixed treatment comparison approaches.
Analysis 3. Statins for the primary prevention of cardiovascular mortality[17]
We evaluated the role of 4 statin interventions compared to placebo/standard care for the prevention of cardiovascular mortality in primary prevention of cardiovascular disease populations. See Figure 3 and Table 3 . There were 18 trials included, from 38 arms, allowing for a possible 10 comparisons. We found no major discrepancies between the two comparative approaches.
Analysis 4. Topical treatment for treatment of ear discharge at 1 and 2 weeks [21]
We evaluated the role of topical antibiotics for the prevention of ear discharge for patients with eardrum perforations using 18 2-arm randomised trials comparing 4 different treatments. Figure 4 displays the network of evidence available from these trials. The results of the 2 pairwise treatment comparisons performed via the adjusted indirect comparison approach and 6 pair-wise treatment comparisons performed via the mixed treatment comparison approach are shown in Table 4 . In one circumstance, the mixed treatment comparison approach found a statis- Bolded text denotes head-to-head meta-analysis evaluations. * Mixed treatment method identifies a significant effect, adjusted indirect comparison does not, adjusted indirect comparison identifies significant effect, mixed treatment comparison does not. ** Direction of effect differs between approaches, ***Important effect size differences. Bolded text denotes head-to-head meta-analysis evaluations. * Mixed treatment method identifies a significant effect, adjusted indirect comparison does not, adjusted indirect comparison identifies significant effect, mixed treatment comparison does not. ** Direction of effect differs between approaches, ***Important effect size differences. [20] We evaluated the role of antifungal agents for preventing mortality in solid organ transplant recipients on the basis of 10 2-arm randomised trials comparing 5 different treatments. The network of evidence for these trials is shown in Figure 5 . The results for the 5 possible pair-wise treatment comparisons using the adjusted indirect comparison approach and 10 comparisons using the mixed treatment comparison are shown in Table 5 . In a single case, the mixed treatment comparison approach found a different direction of effect than the adjusted indirect comparison approach. The estimated ORs and associated uncertainty intervals produced by the two approaches were importantly different for three pair-wise treatment comparisons.
Analysis 6. Prophylactic treatments against pneumocystis carinii pneumonia and toxoplasma encephalitis in HIV-infected patients[4]
We evaluated 4 different interventions from 22 trials with 44 trial arms, allowing a possible 6 comparisons. See Figure 6 and Table 6 . In this example, the adjusted indirect comparison was only required for one comparison but differed importantly from the mixed treatment method. We evaluated the effectiveness of 8 different treatments from 19 trials, allowing 38 arms, for a possible 28 comparisons. See Figure 7 and Table 7 . For 9 comparisons we were unable to conduct the adjusted indirect evaluation, as no suitable mutual comparator existed. The direction of effect differed between the two approaches in 4 studies. In one circumstance, the adjusted indirect approach found significant treatment effect while the mixed treatment method did not.
Discussion
Our paper presents important evidence on the relative performance of the adjusted indirect comparison and mixed treatment comparison approaches to evaluating multiple health interventions in the absence of sufficient direct evidence.
For the 3 star-networks considered in this paper, we found that both approaches led to similar results, as they could use all the available information in the data. In general, some slight difference may exist between the results produced by the two approaches for this type of network since the adjusted indirect comparison approach uses (approximate) normal likelihood while the mixed treatment comparison approach uses (exact) binomial likelihood. If one chooses to ignore such a slight difference, the adjusted indirect comparison approach is easier to use for star-networks than the mixed treatment comparison approach.
For the 2 single-loop networks included in this paper, we found that the adjusted indirect comparison and mixed treatment comparison approached yielded comparable estimates of relative treatment effectiveness. However, the two approaches will be expected to yield different results for general single-loop networks, simply because the mixed treatment comparison approach is based on all available information in the data but the adjusted indirect comparison approach is not. Bolded text denotes head-to-head meta-analysis evaluations. * Mixed treatment method identifies a significant effect, adjusted indirect comparison does not, adjusted indirect comparison identifies significant effect, mixed treatment comparison does not. ** Direction of effect differs between approaches, ***Important effect size differences.
Finally, we found that both the adjusted indirect comparison and the mixed treatment comparison approach produced comparable estimates of relative treatment effectiveness for the two multi-loop networks considered in this paper. As pointed out by one of the referees during peer-review, in general, the adjusted indirect comparison approach may be difficult, if not impossible, to apply for this type of network. As an illustration, suppose we are interested in the indirect estimate for the OR of the pairwise comparison of treatments C and D in Figure 7 , where there is no direct comparison between these two treatments. But, through the network of evidence, there are three ways to perform the adjusted indirect comparison of treatments C and D: (1) using comparisons C versus E and D versus E; (2) using comparisons C versus B and D versus B; (3) using comparisons C versus B, B versus F, and F versus D. Clearly, these comparisons will lead to different results. One possible way to deal with this problem is to apply the adjusted indirect comparison approach three times to these data sets respectively and then combine them together to get a pooled estimate. But, crucially, these three routes to the estimate of the OR of the pairwise comparison of treatments C and D are not in this case statistically independent. As a result, the resulting estimates cannot be pooled by a simple weighted average. The mixed treatment comparisons approach, however, will combine this information simultaneously and produce a coherent set of estimates for all the treatment contrasts, based on all the data.
The adjusted indirect comparison approach may be preferred for star-networks, as it is typically easier to imple- There are strengths and limitations that should be considered when interpreting this manuscript. Strengths include our extensive searching of systematic reviews and inclusion of unpublished systematic reviews. It is possible that we missed systematic reviews that may have met our inclusion criteria, however our searches were extensive, were supplemented with others' systematic reviews. [2, 13] and were conducted in duplicate to minimize bias. We applied the fixed effects method for both the adjusted indirect comparison and mixed treatment comparison approaches. Our goodness of fit checks indicated that the fixed effects mixed treatment comparison approach was sensible for nearly all of the seven systematic reviews. Further sensitivity analyses performed for this approach confirmed the robustness of the overall conclusions to the exclusion of discrepant trials. It is possible that we would have found slight differences if we had employed the random effects method. More often than not however, these methods yield comparable estimates of relative treatment effects. [18] Some have argued that the fixed effects method should now be preferred over a random effects method as it places a greater weight on larger studies, thus studies may have reduced bias.
[23] Finally, we were unable to compare the adjusted indirect comparison approach with the head-to-head evaluations as, in this set of systematic reviews, there was an insufficient number of trials with more than one comparator.
Salanti and others have discussed the merits and challenges of the mixed treatment approach. [12, 23, 24] The mixed treatment comparison is a resource intensive approach to conducting analyses as it requires knowledge of Bayesian principles and working abilities with Win-BUGS, a somewhat user-unfriendly software for those unfamiliar with it. However, the mixed treatment approach also provides interesting additional information that may be useful to some readers. Additional information includes probabilities of a ranking order of the effectiveness of interventions. For the sake of clarity, we haven't presented the probabilities associated with each analysis. Probabilities may be difficult to interpret though, particularly when there are not clear differences amongst them. A further additional source of information is that this analysis provides indirect comparisons without requiring a mutual comparator, a possible strength over the adjusted indirect approach. However, we cannot know whether this estimate is reliable or similar to an adjusted indirect approach until further trials become available. Finally, some have argued that the mixed treatment comparison is a 'black-box,' as it may be difficult or impossible to determine where an analysis has gone incorrectly. [25] Future validations of the analytic manner performed in this manuscript may yield insights into the transparency of this method. Finally, no reporting guidelines exist for the mixed treatment approach. A step forward may be the development of minimum reporting criteria for this approach. [11, 12] For less complex analyses, such as star-shaped networks, the adjusted indirect comparison may be easier for metaanalysts to apply in their general practice. One of us (GG) was involved in the development of this approach. [4] The adjusted indirect comparison is limited in more complex evaluations, as compared to the mixed treatment comparison, as it requires the utilization of a mutual comparator when performing indirect comparisons. However, as discussed above, the validity of indirect comparisons without mutual comparators that are performed via the mixed treatment comparison approach may be reasonably questioned. The adjusted indirect comparison approach requires the knowledge of standard meta-analysis techniques and working knowledge of programmable software such as R, S-Plus, Stata or SAS, so is arguably also resource intensive. A recent free download of a simple software may make this approach accessible for non-statisticians. [25, 26] There is also concern that both the adjusted indirect comparison and mixed treatment comparison approaches will have less power than the direct approach and may sometimes lead to indeterminate results, in the form of wide uncertainty intervals for relative intervention effects.
Inferences based on such findings may therefore be limited. In addition, it is not clear yet how to interpret results that differ substantially between the two approaches. Finally, although the choice of approach may differ only marginally in treatment effect estimates, the impact of small differences may affect future analyses based on study findings, such as cost-effectiveness models. There is a clear need to evaluate whether one method may importantly impact cost-effectiveness projections over another. [11] 
Conclusion
In conclusion, both the mixed treatment comparison approach and the adjusted indirect comparison approach provide compelling inferences about the relative effectiveness of interventions. In less complex indirect comparisons, where a mutual comparator exists, the adjusted indirect comparison may be favourable due to its simplicity. In more complex models, the mixed treatment comparison appears to offer benefits for comparisons that other methods cannot.
